A thermostable DNA polymerase was prepared from Bacillus caldotenax by using a four-step chromatography procedure. The protein exists as a monomer of Mr 94000, has a pl of 4.9 and has no associated 3'-5' or 5'-3'-exonuclease activities or endonuclease activity. The temperature optimum of the enzyme was about 70°C and the pH for maximum activity was about 7.5. The enzyme has an absolute requirement for a bivalent cation, and maximum activity was obtained at the unusually high concentration of 70 mM-MgCI2. Mg2+ could be replaced by MnCl2 or CoCl2, with decreased activity, at the lower optimal concentrations of 1 mm and 2.5 mm respectively. Enzyme activity was inhibited in the presence of 2',3'-dideoxy-TTP, arabinosyl-CTP and aphidicolin. Enzyme activity was stimulated with KC1 concentrations of about 100 mm, and concentrations of univalent salts above about 150 mM inhibited activity. The enzyme could use activated calf thymus DNA, poly(dA) p(dT)10 or primed single-stranded phage M1 3 DNA as a template and maximum activity was obtained with poly(dA) -p(dT)1O. The enzyme was inactive on unprimed single-stranded DNA, double-stranded DNA and polyribonucleotide template/primer. The apparent Km values for individual dNTPs, determined with the other dNTPs at saturating concentrations, were 5.7 /M (dCTP), 6.3 /M (dATP, dGTP) and 6.4 /M (dTTP). The Km value for the overall incorporation of each dNTP from an equimolar mixture of all four dNTPs was 24.7 4uM. The kcat value was about 1.05 s-5. The kcat /Km value was 0.16-0.18 M-1 s s-' for individual dNTPs and 0.04 for the incorporation of an equimolar mixture of all four dNTPs. Some of the properties of the enzyme show it may be classified as an a-Type DNA polymerase.
INTRODUCTION
DNA polymerases (deoxynucleoside triphosphate: DNA deoxynucleotidyltransferase, EC 2.7.7.7) are required by organisms for replication and repair of DNA. They catalyse the addition of a deoxynucleotide to the 3'-hydroxy end of a primer DNA sequence to pair with the next base in line on the template. Since the discovery of DNA polymerase I from Escherichia coli [1] , DNA polymerases have been purified and characterized from many prokaryotes, eukaroyotes and archaebacteria. The mechanism of action is similar, but properties such as Mr, subunit composition and sensitivity to inhibitors differ between organisms. For example, aphidicolin is an inhibitor of eukaryotic DNA polymerases a and a and some animal virus, bacteriophage and archaebacteria polymerases [2] . Some of these properties have been used to classify DNA polymerases into groups, either as similar to E. coli DNA polymerase I (pol I-Type) or to eukaryotic DNA polymerase a (a-Type) [3] .
DNA polymerases and the replication mechanisms of mesophilic organisms have been widely reported, particularly DNA polymerase I from E. coli. DNA polymerases from thermophilic organisms have also been studied from a wide range of bacteria. These include Bacillus stearothermophilus [4, 5] , Thermus aquaticus [6, 7] , Thermus flavus [8] , Thermus ruber [9] and Thermus thermophilus [10] . DNA polymerase from T. aquaticus (Taq polymerase) was cloned and expressed in E. coli [11] . A number of archaebacterial DNA polymerases have also been isolated and purified, including those from Sulpholobus acidocaldarius [12, 13] , Thermoplasma acidophilum [14] , Methanobacterium thermotrophicum [15] , Sulpholobus solphataricus [16] , Pyrococcusfuriosus [17] and Thermococcus litoralis (Vent polymerase; New England Biolabs, Beverley, MA, U.S.A.). These organisms grow at temperatures between 70°C and 105°C [18] , which implies that they possess thermostable DNA polymerases, and are therefore of interest (although the yield of biomass is low) because of their potential application in recombinant-DNA technology work. DNA polymerase is a prerequisite for many techniques used in recombinant DNA technology such as PCR [19] and DNA sequencing [20] .
We have an interest in the growth and DNA replication of Bacillus caldotenax. The organism is the most thermophilic of the Bacillus spp., capable of growth at 80°C, and was first isolated from the same environment as for T. aquaticus [21] . The aim of the work described in this report was to purify a DNA polymerase from B. caldotenax, and to provide protein for characterization of the enzyme in terms ofphysical properties, inhibition, stability, kinetic constants and optimum conditions for assay. 4 'C. The cell-free extract was applied to a 500 ml Q-Sepharose FF column (15 cm x 6.5 cm internal diameter) equilibrated with buffer A, at a linear flow rate of 60 cm/h. The column was washed with buffer A and the protein eluted with a 10-litre linear gradient of 0-1 M-NaCl in buffer A. Active enzyme was eluted in about 230 mM-NaCl. Fractions of volume 200 ml were collected, active fractions were combined and (NH4)2S04 was added to a final concentration of 1 M. The solution was applied to a 150 ml phenyl-Sepharose FF column (9.5 cm x 4.5 cm internal diameter) equilibrated with buffer A containing 1 M-(NH4)2SO4 at a linear flow rate of 25 cm/h. The column was washed with equilibration buffer and the protein was eluted with a 3-litre linear gradient of 1 to 0 M-(NH4)2SO4 in buffer A, followed by 250 ml of buffer A; 50 ml fractions were collected. Active enzyme fractions, eluted at the end of the (NH4)2SO4 gradient and during the wash with buffer A, were combined and dialysed exhaustively against Buffer A. The dialysed active fractions were applied to a 150 ml Blue-Trisacryl M column (9.5 cm x 4.5 cm internal diameter) equilibrated with buffer A, at a linear flow rate of 25 cm/h. The column was washed with buffer A and the protein was eluted with a 3-litre linear gradient of 0-1 M-NaCl in buffer A; 50 ml fractions were collected. Active enzyme fractions, eluted in about 580 mMNaCl, were combined and dialysed exhaustively against buffer A. The dialysed active fractions were applied to a 150 ml SSepharose FF column (9.5 cm x 4.5 cm internal diameter) equilibrated with buffer A, at a linear flow rate of 25 cm/h. The column was washed with buffer A and protein was eluted with a 2-litre linear gradient of 0-1 M-NaCl in buffer A; 50 ml fractions were collected. Active enzyme was eluted in about 260 mM-NaCl. Fractions containing DNA polymerase were combined on the basis of activity and electrophoretic homogeneity, dialysed exhaustively against buffer A and stored in 50 % (v/v) glycerol at -20 'C. All separations were conducted at ambient temperature (18-25 'C) unless otherwise stated.
EXPERIMENTAL

PAGE
Slab gels containing 12.5 % (w/v) acrylamide were run in an LKB vertical electrophoresis unit under denaturing conditions [24] . The enzyme was electrophoresed under non-denaturing conditions using a Pharmacia-LKB PhastGel apparatus with PhastGel Gradient 8-25 gels and native buffer strips as described 1992 by the manufacturer. The protein bands were stained with Coomassie Brilliant Blue R-350 and scanned with a Chromoscan-3 laser optical densitometer (Joyce-Loebl, Gateshead, Tyne and Wear, U.K.) to estimate the apparent Mr.
Determination of pl
A Pharmacia-LKB PhastGel apparatus was used to determine the pl by using broad-pH-range gels (pH 3.0-9.0) as described by the manufacturer. The pl was estimated from densitometer scans ofthe protein bands compared with appropriate Pharmacia-LKB calibration proteins. The theoretical pI values of various DNA polymerases were determined from amino acid sequences, retrieved from the NBRF Protein Identification Resources database as issued by the GCG Sequence Analysis Software Package, by using the program PEPTIDESORT [25] . Calculations were performed on a Digital Equipment Corporation Microvax II computer running the VMS v5.1 operating system.
Effect of pH
The activity of the enzyme (0.2 unit) was determined over a range of pH in appropriate assay buffers at a concentration of 50 mM: sodium citrate (pH 3.0-4.0), sodium acetate (pH 4.0-5.5), Mes (pH 5.5-6.5), potassium phosphate (pH 6.5-7.0), Tris/HCl (pH 7.0-9.0), Capso (pH 9.0-10.0) and Caps (pH 10.0-10.5). A similar profile was obtained with buffers of identical ionic strength, I, 0.1.
Determination of reaction kinetics
Kinetic data for the polymerization reaction were determined for each individual dNTP. The concentration of the dNTP of interest ranged from 0.8 to 240 uM in the presence of the other dNTPs at the saturating concentration of 240 /M. Kinetic data were also determined for the incorporation of each dNTP in the overall reaction from an equimolar mixture of all four dNTPs. The rate of incorporation was determined for an equimolar mixture of the four dNTPs over the concentration range 0.8-240 /iM. Assay conditions were otherwise as described above for the measurement of DNA polymerase activity. Kinetic parameters were evaluated using a non-linear regression-dataanalysis program (Enzfitter, Elsevier-Biosoft, Cambridge, U.K.).
RESULTS AND DISCUSSION
Growth of Bacillus caldotenax and DNA polymerase production A 25-litre bacterial cell culture produced 353 g of cell paste. DNA polymerase synthesis per cell was constant throughout the growth phase up to at least three-quarters exponential growth.
Purification of DNA polymerase
Chromatography elution profiles and a summary of the DNA polymerase purification are shown in Fig. 1 and Table 1 respectively. The apparent amount of enzyme increased to reach a maximum in the Blue-Trisacryl M eluate and this was due to the complete removal of nucleases after this step. Attempts to remove the contaminating nucleases before chromatography, by precipitation with polyethyleneimine, for example, were unsuccessful. Homogeneous enzyme was obtained after four chromatography steps, as shown by SDS/PAGE and isoelectric focusing (Fig. 2) , with a final specific activity of 2083 units/mg (Table 1 ). The enzyme bound to anionic and cationic-exchange matrices in identical buffer composition at pH 7.5. As the enzyme has a pl of 4.9 (see below), it should only bind to the anion-exchanger Q-Sepharose FF, and thus binds to the cationexchang&-$S-epharose FF by a mechanism other than-cation exchange.
Vol. 287 Native molecular mass and subunit composition The native Mr determined by non-denaturing PAGE was 120000. A native Mr of 110000 was determined by f.p.l.c. gelfiltration chromatography on Superose 12 HR1O/30, equilibrated with buffer A containing 100 mM-NaCl, at 8 cm/h, and calibrated with gel-filtration marker proteins from Pharmacia-LKB. The Mr of the enzyme determined by SDS/PAGE was 94000 (Fig. 2a) . The discrepancy in Mr values suggests the native protein may be elongated or non-globular, or there may be disproportionate binding of SDS. The results indicate that the enzyme exists as a monomer, in common with other DNA polymerases, of Mr approx. 94000. This Mr value is similar to those reported for eukaryotic a-Type DNA polymerases [26] and the majority of bacterial DNA polymerases. For example, E. coli DNA polymerase I has an Mr of 109000 [27] , the Mr of the DNA polymerase from Sulpholobus acidocaldarius is 109000 [13] and the DNA polymerase from T. aquaticus has an Mr of 97300 by SDS/PAGE, and a calculated Mr of 93910 from the DNA sequence [11] .
pI
A calibration curve was obtained from densitometric scans of an isoelectric focusing gel (Fig. 2b) and the pl was estimated to be 4.9. The pl value, calculated from amino acid sequences by using the program PEPTIDESORT [25] , for the T. aquaticus enzyme [11] was 6.38, that for the E. coli DNA polymerase I [28] was 5.37, and that for B. subtilis DNA polymerase III [29] was 5.23. The DNA polymerase from B. caldotenax is therefore apparently more acidic than the other enzymes. Eukaryotic aType DNA polymerases are also acidic proteins [26] .
Nuclease assays 3'-5'-Exonuclease activity was separated from the DNA polymerase activity during the anion-exchange chromatography step on Q-Sepharose FF, and 5'-3' exonuclease activity was removed during the triazine-dye affinity-chromatography step on Blue-Trisacryl M. The final preparation was free from contaminating endonuclease activity. The enzyme therefore does not have associated exonuclease or endonuclease activities, although these activities may be associated with the DNA polymerase in vivo as part of a complex and are subsequently separated during the purification procedure. Exonuclease activity is detected in the purified DNA polymerases of bacteria, bacteriophages and some animal viruses, but, with few exceptions, is not associated with a-Type enzymes [30] .
Effect of pH
The enzyme showed highest activity between pH 7.0 and 8.0, in line with the optimum pH for growth of the organism. Maximum activity was obtained in Tris/HCl, pH 7.5; 75 % and 25% of this activity was obtained at pH 8.5 (Tris/HCl) and pH 6.5 (Mes) respectively and 25 % of the maximum activity was measured at pH 10 (Capso). The enzyme was inactive below pH 5, perhaps surprising in view of the fact that it derives from an acid-producing thermophile.
Thermal stability
The optimum temperature for activity of the enzyme in the assay system was determined by measuring the incorporation of dNTP at various temperatures between 0°C and 100°C, with the maximum activity observed at 70 'C. Some 65 % ofthe maximum activity was measured at 55 'C,-and 15% of the maximum activity was obtained at 37 'C. Activity was greatly-decreased as the temperature was increased to 75 'C, with only 27% of maximum activity retained. The enzyme was also incubated for This indicates that decreased enzyme activity at temperatures above 70 'C is due to its thermal instability at these temperatures rather than denaturation of the DNA substrate. The thermal stability of the enzyme at 70°C was investigated over 30 h in the presence and absence of 50 % (v/v) glycerol. The tL in the absence of glycerol was about 1.5 h, whereas in the presence of glycerol the tL was increased to about 20 h (Fig. 3) .
Storage stability
The stability of the enzyme was investigated over a period of 50 weeks. The enzyme was stored at -70°C, -20°C, 4°C and 20°C with or without 50 % (v/v) glycerol. Data are presented for storage of the enzyme in the presence of glycerol (Fig. 4) . The enzyme was less stable in the absence of glycerol.
Effect of univalent and bivalent salts Active enzyme has an absolute requirement for a bivalent metal cation. Maximum activity was observed with 70 mmMgCl2. This concentration is extremely high compared with values reported for other thermostable DNA polymerases. High concentrations of Mg2+ may cause misincorporation of dNTP, and, although maximum activity is4detcted with 70 mM-MgCl2, the fidelity of the enzyme may be very low. Taq a reported optimum MgCl2 requirement of 10 mm for the native enzyme [6, 7] and of 2 mm for the recombinant protein [11] . S.
acidocaldarius DNA polymerase has a bivalent-cation requirement of 4 mM-MgCl2 for maximum activity [13] . DNA polymerase from B. stearothermophilus requires [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] mM-MgCl2 for maximum activity [4, 5] and the T. flavus enzyme requires 10-40 mM-MgCl2 for DNA polymerase activity [8] . stranded DNA substrate poly(dA) -poly(dT) was incubated with 10 units of DNA polymerase I at 37°C to fill in protruding termini. The DNA was then used in the standard DNA polymerase assay system and the enzyme was found to be inactive.
Reaction kinetics
The Km value for incorporation of a dNTP depends on the nucleotide composition of the DNA and the rate constants for the incorporation of all four dNTPs [31] . The kinetic data determined for incorporation of all four dNTPs at various concentrations and for incorporation of individual dNTPs with the other dNTPs at saturating concentrations are shown in Table  2 . The activated calf thymus DNA template has a G + C content of 42 % and an A + T content of 58 %. The overall incorporation from an equimolar mixture of all four dNTPs, where all are in limited supply, is 24.7 pM per dNTP. The Km values for incorporation of individual dNTPs, with the other dNTPs at saturating concentrations, may be predicted from the Km value for the overall reaction based on the nucleotide content of the template. The predicted Km value for dGTP and dCTP combined is 11.9 (about 5.9 /M per dNTP) and 12.8 sm for dATP and dTTP (about 6.4 1uM per dNTP). These predicted results are in approximate agreement with those determined for incorporation of individual dNTPs (Table 2 ) and these data support the findings for DNA polymerase I of E. coli [31] . The Km value for incorporation of an individual dNTP is lower than that for the overall reaction, because the other dNTPs in the reaction are at saturating concentrations and hence are freely available. The Km value for B. stearothermophilus DNA polymerase, derived from a double-reciprocal plot for incorporation of all four dNTPs, was 7 /M [5] .
Effect of inhibitors
The effect of several compounds known to be specific inhibitors of some DNA polymerases was determined. The enzyme activity (0.2 unit) was determined, in the presence of each concentration of inhibitor, as described for the standard assay method except that the dCTP concentration in the assay mixture was decreased to 2.5 LM in the presence of aphidicolin and arabinosyl-CTP. The DNA polymerase was inhibited by ddTTP (250 /IM required for 50 % inhibition and equivalent to a dTTP/ddTTP ratio of 1: 12), which terminates primer elongation and is used as the basis for DNA sequencing [20] . It is also inhibited by arabinosyl-CTP (100/,M required for 50% inhibition), a strong competitive inhibitor, and by aphidicolin (50 uM required for 50 % inhibition), a tetracycic diterpenoid which competes with each dNTP for binding to DNA polymerase.
Sensitivity to aphidicolin has been reported for the replicative a-Type DNA polymerases of eukaryotes, DNA polymerase a (the a-like DNA polymerase of plant cells), yeast DNA polymerases I and II, viral-encoded DNA polymerases [32] and several arachaebacterial DNA polymerases [16, 33, 34] . Sensitivity to aphidicolin by a prokaryotic DNA polymerase has only been reported for E. coli DNA polymerase II, which has been classified as an a-Type DNA polymerase based on inhibition by aphidicolin and amino acid conservation [35, 36] . As the B. caldotenax DNA polymerase is inhibited by aphidicolin, the enzyme may be involved in DNA replication, but E. coli DNA polymerase II is known to be involved in DNA repair and is not a replicative DNA polymerase [35] . All DNA polymerases are inhibited by ddTTP, and the degree of inhibition is used to distinguish between Pol I-Type and a'-Type enzymes [30] . Pol I-Type enzymes are inhibited by a dTTP/ddTTP ratio in the range of 1:0.5 to 1:5, whereas a-Type enzymes require a higher ratio. The B. caldotenax enzyme requires a ratio of 1: 12 for 50 % inhibition which is similar to the ratio required for a-Type enzymes [37] .
The B. caldotenax enzyme is unusual is that it may be classified as an a.-Type based on inhibition of activity by the inhibitors arabinosyl-CTP, aphidicolin and ddTTP (with a dTTP/ddTTP ratio of 1: 12 for 50 % inhibition) in addition to the absence of associated nuclease activities. The classification of the enzyme as an a-Type may be confirmed once the gene has been cloned and the DNA sequenced, as shown for a number ofDNA polymerases [3] . It is noteworthy that arabinosyl-CTP and aphidicolin may prove of use as structural probes for the study of substrate binding and catalysis in DNA synthesis.
